In this study, nine oxidized phenolics, which were often found in HS and provide useful information on the taxonomic source and diagenetic state of HS, gallic acid and protocatechuic acid, were employed standard solution to set up the CZE system 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Humic substances (HS) from well waters, fertilizers, and synthetic phenolic polymers were characterized by elemental and UV-VIS spectroscopic analyses. Capillary zone electrophoresis (CZE) with UV absorption detection was used to analyze the lignin-derived phenolic distribution in the degradation residues after alkaline CuO oxidation of HS samples. Eleven phenols with p-acetyl, vanillyl and syringyl substituents were selected to optimize the CZE parameters. For well waters and fertilizers, the content of phenolic fragments was in agreement with the findings of the elemental and spectroscopic measurements.
Introduction
Humic substances (HS), complex yellowish-brown and refractory organic materials, are ubiquitous in aquatic and terrestrial environments and play an important role in the carbon cycle, as well as in the fate of organic and inorganic pollutants in the environment. 1 HS exhibit various ratios of extractable humic acids (HA) to fulvic acids (FA). Lignins, polyphenolic compounds abundant in vascular plants, are widespread in land and coastal environments, [2] [3] [4] [5] and represent a major precursor to terrestrial HS. 1 There are many natural pathways, including photolysis, 6 thermal, 7 microbial, 8 and bacterial degradation, 9 which could release these phenolic building blocks from HS polymeric networks. These degraded fragments may enter directly into the circulatory systems of many organisms, or exist in vivo following the metabolism of intact polymers. Deep concern has been expressed with regard to blackfoot disease (BFD), which has been endemic in southwestern Taiwan for decades. Many studies on its cytotoxicity induced by HS, especially HA, have been carried out. [10] [11] [12] The types and effects of various degraded molecules from HS on pathogenic mechanisms, however, have still not been determined.
Well water used for drinking and cooking was considered a possible etiology factor in BFD. 13 In the past, most reports on the distribution of lignin-derived phenolic compounds in natural waters were concerned with riverine dissolved organic matter (DOM). [14] [15] [16] Upon CuO oxidation, the DOM was mainly analyzed by gas chromatography (GC), which yielded information on oxidized phenolic ratios, such as cinnamyl-to-vanillyl, syringic-to-vanillic, vanillic acid-to-vanillin and syringic acid-to-syringaldehyde units. These data were collected in order to investigate the sources and diagenetic states of the DOM. The silylating derivatization prior to GC analysis, however, may cause some loss of carbonyl compounds. 17 Without the need of derivatization, high-performance liquid chromatography (HPLC) was used to the analysis of these compounds. 18, 19 CE is also a non-derivatization method and has been rapidly developing as an alternative separation method to traditional HPLC. This is predominantly due to the fact that CE is based on an electro-driven separation mechanism and therefore possesses the superior resolving power, resulting in a reduction in analysis time. Furthermore, CE usually offers an alternative means to separate the samples with complex matrices and allows the use of small amounts of running buffer and sample, which sometimes can be very important issues. A method based on CuO oxidation followed by capillary zone electrophoresis (CZE), one of CE modes, was presented as an analytical tool useful in the determination of lignin-derived phenols in soil samples. through optimizing the running buffer constituent, pH level, and concentration. HS samples from well waters and manufacturing fertilizers were determined by the optimized CZE following CuO degradation and without further derivatization. Two synthetic HAs, which were composed of gallic and protocatechuic acids, respectively, were previously utilized for cytotoxicity studies, [10] [11] [12] and were also tested for sample comparison. The quantitative results and derivative parameters of initial tests gave preliminary data in reasonable ranges based on analogous reports. Additionally, the elemental and UV-VIS spectroscopic analysis prior to the degradation was also closely related to the HS composition and the CZE results for these samples.
Experimental

Chemicals and HS samples
Water (18 MΩ cm) was purified using a Milli-Q purification system (Millipore, Bedford, MA). Methanol, hydrochloric acid, and sodium pyrophosphate were from Acros (Geel, Belgium), while vanillin, sodium hydroxide, cupric oxide, iron(II) ammonium sulfate, sodium phosphate dibasic, sodium dihydrogen phosphate, sodium carbonate, sodium hydrogencarbonate, boric acid, and tris(hydroxymethyl)methylamine were from Merck (Darmstadt, Germany). 4-Hydroxybenzaldehyde, p-salicylic acid (4-hydroxybenzoic acid), syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid), and protocatechuic acid (3,4-dihydroxybenzoic acid) were purchased from Fluka (Buchs, Switzerland). Finally, syringaldehyde (3,5-dimethoxy-4-hydroxybenzaldehyde), vanillin (4-hydroxy-3-methoxybenzaldehyde), and vanillic acid (3-methoxy-4-hydroxybenzoic acid) from Aldrich (St. Louis, MO), and piceol (4-hydroxyacetophenone), apocynin (4-acetyl-2-methoxyphenol), acetosyringone (4-acetyl-2,6-dimethoxyphenol), and gallic acid (3,4,5-trihydroxybenzoic acid) were from TCI (Tokyo, Japan).
Stock solutions of phenolic acids (1 g mL -1 ) were prepared in methanol and diluted appropriately prior to use. All buffers used for CZE analysis were filtered through 0.45 μm cellulose acetate membranes (Adventec MFS, USA).
Seven HS samples from different sources are shown in Table 1 . S-HA1 and S-HA2 were synthesized from reactive protocatechuic and gallic acid monomers by oxidative polymerization. 11 The raw materials of Y-HA in solid form and W-HA in liquid form were imported from Canada to be used as plant growth auxiliaries. All bulk solid samples were air-dried, powdered, and passed through a 0.2-mm sieve. The powder (50 g) was extracted several times with a 1:10 (v/v) solution of 0.1 M sodium pyrophosphate and 0.1 M sodium hydroxide (NaOH). The extract was then collected, centrifuged to remove sediments, and acidified to pH 2.0 by 0.1 M hydrochloric acid (HCl) prior to further purification. Liquid samples were directly acidified after filtration through glass microfiber filters (0.7 μm, GF/F grade, Whatman). HS were extracted from the acid-treated samples by adsorption chromatography using an XAD-7 column, and solubility discrimination between HA and FA was achieved at pH 1.0. 10 Purification and isolation procedures were adapted from those suggested by the International Humic Substances Society. 22 
Elemental and UV-VIS spectroscopic analysis
Carbon, hydrogen, oxygen and nitrogen were determined using Heraeus CHN-O-S-Rapid Analyzer (Hanau, Germany). Prior to analysis, each 10 mg sample was dried at 55 C overnight using a vacuum dry oven. The ash content was determined by combustion of samples at 900 C for 6 h.
UV-VIS absorption measurements at 250, 272, 365, 465, and 665 nm were carried out using a Jasco V530 spectrophotometer (Tokyo, Japan). For sample solutions, 5 mg of HS were dissolved in a 180-μL volume of 1.0 M NaOH and then diluted to 100 mL.
Degradation of humic materials
HS (20 mg), CuO (1 g), Fe(NH4)2(SO4)2·6H2O (70 mg), and NaOH (7 mL, 8% (w/v)) were sequentially added in a pressure digestion vessel (Berghof DAB-2 type, Eningen, Germany) and sealed in a nitrogen-filled environment. The digestion bomb was placed in a 150 C oven for 4 h. After cooling, the product mixture and washings of the vessel deposits with 30 mL NaOH (4%) were transferred to a 50-mL centrifuge tube. Following centrifugation, the supernatant was reserved and the sediment was washed with 10 mL NaOH (4%). The combined washings and alkaline supernatants were acidified to pH 1.0 with 6 M HCl. After extraction with ethyl ether and evaporation, the solid residue was dissolved in 10 mL methanol, then filtered through a 0.7-μm glass microfiber filter and stored at 4 C. 
CZE analysis
The laboratory-built electrophoresis apparatus consisted of a ±30 kV high-voltage power supply (TriSep TM-2100, Unimicro Technologies, CA) and a UV-VIS detector (LCD 2083.2 CE, ECOM, Prague, Czech). Electropherograms were recorded using a Peak-ABC Chromatography Data Handling System (Kingtech Scientific, Taiwan).
A bare, 80 cm capillary column (Polymicro Technologies, Phoenix, AZ) with an inner diameter of 75 μm was prepared. Before opening the detection window at a column distance of 60 cm away from the injection end, a new capillary was cleaned thoroughly by flushing with 0.2 M NaOH (30 min), Milli-Q water (15 min), 0.1 M HCl (30 min), Milli-Q water (15 min) and finally purging with nitrogen (25 psi, 15 min). At the end of an analysis, the analytical capillary was washed with methanol, Milli-Q water and running buffer, sequentially, before a new analysis. Before each sample injection, voltage was applied for 5 min to condition the charge distribution in the column. The samples were injected by siphoning at a height difference of 15 cm for 10 s and detected by UV absorption measurement at 254 nm.
Results and Discussion
Elemental and spectroscopic analysis of humic substances
The elemental composition, main atomic ratios, and spectroscopic indexes of HS are reported in Table 1 . These data show that carbon percentages ranged from 49.5% to 54.3% for humic acid samples, with T-FA showing the lowest C value (43.3%), in agreement with what was found in several other studies. 5, [23] [24] [25] [26] In addition to different sample sources, various extraction pretreatments, such as using different extractants, could have led to some variation in the elemental composition. 27 The ratio of carbon to hydrogen content might disclose the degree of humification, according to Kuwatsuka et al. , who suggested that a low proportion of hydrogen probably results from increased carbocycle rings condensation. 28 The hydrogen content shown in Table 1 coincides with the previous findings on C/H ratios: that is, the higher the C/H ratio of HA, the larger the aromatic structure. 23, 24, 28 Consequently, the rank of system aromaticity was found to be A-HA > Y-HA > T-HA > S-HA1 > S-HA2 > W-HA. With regard to T-FA, the low C/H atomic ratio (0.53) may imply an enrichment of alkyl groups with high hydrogen saturation. 29, 30 The rank of oxygen magnitude for HAs was found to be T-FA > A-HA > Y-HA > T-HA ≅ S-HA2 > S-HA1 > W-HA after analysis. The O/C ratio is normally considered an indicator of alkoxyl, carbonyl, and carboxylic contents. 26, 29 In general, the C/N ratio is an index of possible microbial activity and natural contributor. Samples A-HA and T-HA may be derived from terrestrial plant materials, as their C/N ratios exceeded 15.
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The W-HA and Y-HA samples were considered to be extracted from mineral soils, as their C/N ratios were below 10. 32 With a C/N value of 12.2, the T-FA sample may resemble the FA fractions of waterlogged paddy soil in composition. 25 Samples SHA-1 and SHA-2 are artificially synthesized; thus, their C/N values are not comparable to those of the natural samples.
The E2/E3 ratio, calculated as the ratio between absorbance at 250 and 365 nm, decreases with increasing degree of aromatic content. 33 In fact, although the E2/E3 values were very close, samples with lower E2/E3 ratios generally showed higher C/H atomic ratios. A high ε272 value, which is the molar absorptivity at 272 nm, also indicates a high aromatic content and validates a high C/H ratio. 34 Most of the humic samples were found to present a higher aromaticity than the fulvic sample (T-FA).
The E4/E6 ratio between absorbance at 465 and 665 nm has often been used as a humification index, since it decreases with increasing molecular weight and condensation of aromatic constituents. 5, 24 As can be seen in Table 1 , these E4/E6 values are similar to the ranges reported for HA and FA (E4/E6 = 5 -6 and 8 -9, respectively) by Chen, et al. 24 In addition, this ratio increases with an increase in oxygen content. 22 When comparing the data in Table 1 , one sees that the trend of E4/E6 values is very similar to that of O/C values. As we know, aromatic units in an aqueous polymeric chain are linked and substituted mainly by oxygen atoms, which increase the solubility of HA polymers and their chances of dissociation. It was proved that the mechanism of solid HA interaction with water includes partial equilibrium dissolution, as well as direct equilibrium dissociation. 35 However, the trend of E4/E6 values is also parallel to that of C/H values, hence the degree of humification appears to be contrary to the previous spectroscopic findings. Here, we adopt the normalization of E4/E6 values to the corresponding carbon values 36 to assure that any variation of this normalized ratio is only related to the intrinsic properties of each sample. The (E4/E6)/C values are also collected in Table 1 and comprise a narrow range, 0.11 -0.13, for either natural or synthetic HA, and 0.22 for FA. These ratios definitively demonstrate the intrinsic difference between HA and FA, and also the similarity between the HA samples.
Capillary zone electrophoresis of humic degradation compounds
Prior to degradation of HS samples, the optimum conditions for CZE were evaluated for the quantification of phenolic fragments. Eleven phenolic compounds, classified according to functionality as shown in Fig. 1 , displayed a variety of molecular weights and dissociation abilities. Therefore, CZE was deemed suitable to separate the phenolic mixture. Among the analytes, phenolic acids with low pKa values will move slowly over the entire elution if a reversed electroosmotic flow is not exerted by surfactant-treated running buffer or a modified capillary wall. A simple electrophoretic system was required, however, due to concerns of interference arising from complex sample matrices. Borate buffer without any organic additives performed best after phosphate, carbonate, and Tris buffers, which were tested independently. The electropherograms shown in Fig. 2 resulted from the borate running buffer at a fixed molarity (70 mM), but across different pH values (pH = 8, 9, and 10). Borate buffer at pH 9 generated moderate electroosmotic flow and created more selectivity toward electrophoretic mobility of analytes than did either pH 8 or 10. However, two peak-pairs, apocynin/piceol and syringic acid/vanillic acid, were not resolved, as shown in Fig. 2(B) . The above situation could be improved by increasing the buffer concentration to slow down the electroosmotic flow (EOF) and then enhance the resolution. This was expected, as the ionic strength of the running buffer largely determines the observed electroosmotic flow and peak symmetry. The electropherograms shown in Fig. 3 demonstrate the effect of borate concentration (70, 80 and 90 mM) on peak resolution and migration time. The increase in migration time from 70 to 80 mM is more significant than that from 80 to 90 mM. This phenomenon could be contributed to a logarithmic relation between buffer concentration and EOF, 37, 38 and a complex relation between buffer concentration and electrophoretic mobility, which could arise from the interaction of solute ion with ionic cloud of counter-ions. 39, 40 From these experiments, it was clear that an 80 mM concentration was the best choice.
Under conditions of optimum buffer, the migration order for the eleven phenolic analytes was found to be related to the functionality and number of substituents. Specifically, we found that ketones eluted first, aldehydes second, and carboxylic acids last. This peak series was opposite to the degree of hydrogen dissociation, while these negatively charged analytes migrated in the direction opposite to electroosmotic flow. The uncharged substituents on the phenol ring reduced the counter electrophoretic migration, however, and their migration was faster. For example, the elution order for acetylphenols was found to be acetosyringone > apocynin > piceol.
The utilization of CZE in quantification of these analytes was robust and is demonstrated in Table 2 . Repeatability of the a. Same experimental condition as in Fig. 3(B) . b. Standard concentration is 15 μg mL -1 (n = 5). c. Concentration ranges 0.5 -150 μg mL Fig. 3(B) . migration time was between 0.75 and 1.60% (n = 5), while the RSD of the peak area ranged between 1.68 and 4.23% (n = 5). Calibration curves were nearly linear (r 2 = 0.993 -0.998) in the concentration range tested (0.5 -50 μg mL -1 ) for the eleven analytes. LOD (3 × S/N) ranged between 0.02 and 0.12 μg mL -1 . A study of fragment loss during humic degradation was determined to be necessary. The average recoveries for acetosyringone, syringaldehyde and syringic acid were 92 ± 3, 90 ± 4, and 96 ± 3%, respectively (n = 3, 95% confidence level). The divergence from the ideal value of 100% for these experiments was acceptable and was disregarded for the subsequent determination of humic fragments.
The electropherograms shown in Fig. 4 exhibit the CZE separations of reduced species from different HS sources. Individual peaks were identified by spiking the phenol reference and quantified through the external calibration of peak areas. These results are summarized in Table 3 . The value of total phenolic contents could represent the aromaticity prior to degradation if the degration ratio and loss were assumed to be in the same degree for these humic materials. With the exception of the two synthetic HS, the amount of phenolic residues mostly agreed with the aromaticity trend: A-HA > Y-HA > T-HA > W-HA, observed through elemental and UV-VIS spectroscopic analysis.
There should be a distinct difference in the dissociation pattern between native and synthetic HS, as structural network linkages between aromatic units in native HS are more multiform than those in synthetic HS. In addition, the monomer contents in the two synthetic HS were different from each other. There was only 25.9% of protocatechuic acid monomer found in the degraded products, but 71.3% of gallic acid was found. The difference can be accounted for by variance in the degree of polymerization under identical synthesis conditions.
Interpreting the indices of phenolic concentration ratios into the characterization of source and diagenetic state of vascular plant material is not easily done. 1, 4 Aside from a lack of analytical data for well water and fertilizer, the degree of photooxidation, the bioactivity of fungi and bacteria, the additional extractions for HA and FA, and the different analytical methods (GC vs. CZE) all contribute to the observed differences from references. These references include studies on the composition of dissolved DOM from natural waters, as well as on the phenolic constituents of humic fractions from terrestrial environments.
The ratio of unmethoxylated hydroxyphenyl to methoxylated vanillyl phenols, with P/V values of native HA fractions shown in Table 3 , had the trend W-HA > A-HA > Y-HA > T-HA. For many studies on phenolic constituents of soil, peat, and sediment, the larger P/V value indicated that the demethylation of methoxyl groups occurs mainly under anaerobic conditions. 2, [41] [42] [43] On the other hand, the reduction in P units causes a decrease in P/V, which is possibly due to greater susceptibility to microbial degradation in aerobic environments. 44 In this study, P/V values (0.883 -2.211) were close to those reported for fresh water sediments (1.8), 17 but are larger than those for peat sources (<0.6). 43 This observation was partly a result of the fact that P groups in the solid state are dissolved and dissociated in aqueous bulk much better than those of V groups.
The acid-to-aldehyde ratios of the vanillyl and syringyl, (Ac/Al)v and (Ac/Al)s, are measures of the oxidative transformation of phenolic side chains. The (Ac/Al)v value of 0.243 for T-HA compares relatively well with that reported for the HA fraction of Sphagnum-dominated peat, 43 and the (Ac/Al)v value of 1.629 for Y-HA is near the reported values for the HA fraction of Beaver-Hills soil (1.6) 1 and for lignin-derived phenols in natural waters (0.72 -1.77). 45 The destruction of syringyl compounds has previously been reported as a side reaction associated with lignin oxidation processes. 17, 46 The S/V and (Ac/Al)s values for A-HA (1.768 and 3.255) and Y-HA (1.397 and 0.957) are near those reported for dissolved lignin in a freshwater delta. 16 Moreover, the ratio of S/V indicates the presence of vascular plant sources that were mostly herbaceous angiosperms (S/V > 0.5) and gymnosperms (S/V < 0.5). 47 The trend of oxygen content, discussed in a previous section, for the native HA agreed well with the data in Table 3 . A high number of oxygen atoms were expected to occur in the phenolic acids after the decomposition of T-FA, but a considerable number of oxygen atoms may be hidden in other forms not recognized by our CZE method.
Conclusions
Small volumes of liquid decomposition products from native and synthetic HS were directly analyzed using a CZE method to determine possible phenolic components. Eleven phenols, representing the different fractions of the degradation products, were evaluated. Most of the data in the electropherograms correlated well with the results of elemental and spectroscopic analysis of native HS. Though this is the first report on the phenolic components of HA and FA fractions from well water and fertilizer, most of the oxidative product indices for HA are comparable with references for DOM and terrestrial sources. There is no report suitable, however, to correlate with data from FA fractions. The dissociation pattern of the two synthetic HS was different from native HS and proved to be degraded by 25.9 and 71.3% under CuO degradation conditions.
